(p)ppGpp-deficient mutants exhibit defects in growth regulation, decreases in viability under nutrient-limited conditions, increases in susceptibility to oxidative stress, and defects in biofilm formation [46] . In Enterococcus faecalis V583, the ΔrelA strain was highly sensitive to 45 and displayed reduced growth in a medium containing 1 M NaCl [52] . Mutants defective only in the RSH synthase domain of Staphylococcus aureus did not show impaired bacterial growth under nutrient-rich conditions; however, they were more sensitive to mupirocin, had lower viability when essential amino acids were depleted from the medium, and were less virulent than the wild-type [19] .
Deinococcus radiodurans, a gram-positive bacterium, is well known in its capacity to resist extreme ionizing radiation, UV radiation, oxidative stress, and a variety of DNA-damaging agents [10] , allowing it to survive in various extreme environments. In D. radiodurans, two genes, DR_1838 (relA) and DR_1631 (relQ), are predicted to be associated with (p)ppGpp synthesis and hydrolysis. However, the role of these genes in response to stresses remains unclear. In this study, we demonstrated that the D. radiodurans relA and relQ genes are responsible for (p)ppGpp synthesis/hydrolysis and (p)ppGpp hydrolysis, respectively. We show that relQ and relA responded to several stresses, including oxidative stress, heat shock, and amino acid limitation. Furthermore, comparative proteomic analysis showed that relA affected the expression of multiple proteins involved in oxidation resistance.
Materials and Methods

Bacterial Strains, Plasmids, and Growth Conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . The D. radiodurans strains were grown at 30°C in TGY broth (1% tryptone, 0.5% yeast extract, and 0.1% glucose) or on TGY plates supplemented with agar (1.5%). Concentrations of 350 μg/ml spectinomycin or 8 μg/ml kanamycin were used for antibiotic selection of D. radiodurans mutant strains. The minimal medium was prepared as described by Venkateswaran et al. [48] : fructose as the sole carbon source and L-histidine and L-cysteine as the amino acid supplements. The E. coli strains were grown at 37°C in LB broth (1% tryptone, 0.5% yeast extract, and 1% NaCl) or on LB plates supplemented with agar (1.5%) or antibiotic as required. All chemicals were of molecular biology grade and 
Construction of D. radiodurans relA and relQ Mutant Strains
The relA and relQ mutants were constructed by direct deletion mutagenesis [53] . The primers that were used in this study are listed in Table S1 . The homologous fragments 674 bp downstream and 584 bp upstream of DR_1838 were amplified with the primers relA-1F and relA-1R and with relA-2F and relA-2R, respectively, and the spectinomycin cassette was amplified with aadAF and aadAR. The homologous fragments and spectinomycin cassette were cloned into the pBlueScript SK(+) vector by restriction enzyme digestion. The region containing homologous fragments and the spectinomycin cassette was digested with KpnI and SacI, and then transformed into the wild-type D. radiodurans. The relQ mutants were generated by replacing the target gene with a kanamycin cassette via a fusion PCR. The regions that were located 339 bp upstream and 389 bp downstream of DR_1631 were amplified with the primers relQ-1F and relQ-1R and with relQ-2F and relQ-2R, respectively, from the D. radiodurans genome. The kanamycin cassettes for the relQ mutants were amplified with the primers kanF and kanR from the pKatAPH3 plasmid. The DR_1631 fragments were mixed with their respective kanamycin cassettes and fused together by PCR using nested primers (relQ-1F, relQ-3R), creating linear fragments that were suitable for transformation. The mutant strains were constructed by transforming the wild-type D. radiodurans with the linear fragments [17] . The D. radiodurans mutant strains were selected with antibiotic selection using 350 μg/ml spectinomycin or 8 μg/ml kanamycin. Using the relA mutant, the relQ genes were further replaced to obtain the double mutant. The disruption of the genes was confirmed by PCR and subsequent sequencing.
The relA, relQ, rel NTD, and rel CTD genes were amplified by PCR from D. radiodurans. Each product was ligated into the pJET1.2 vector according to the manufacturer's instructions (Thermo Scientific, USA) and transformed into E. coli JM109. The insertions were isolated following the digestion with SpeI/BamHI and ligated into pRADZ3, which was also digested with SpeI/ BamHI, for generation of the complement plasmids Z3-relA, Z3-relQ, Z3-rel NTD, and Z3-rel CTD. The pRADZ3 vector is generally used in complementation or overexpression experiments of D. radiodurans, which has a groEL promoter. The groEL promoter is a constitutively expressed promoter.
Bacterial Growth Curve Assay
Stationary phase growth of D. radiodurans R1 and mutant strains was carried out in 50 ml of TGY in triplicates at 30°C and with shaking at 220 rpm. The OD 6 0 0 of each sample was measured every 6 h. The growth curve assay was performed in minimal nutrient medium; the strains were collected and washed with PBS two times, cultivated in PBS for 3 h, and then inoculated into minimal nutrient culture medium (carbon source is fructose) [48] with the growth curve monitored. To determine the precise requirements of the ΔrelArelQ strain, the cells were grown in medium supplemented with only 17 amino acids (except His and Cys), and the growth curve was monitored.
Conserved Domain Database Search of RelA and RelQ Proteins
The protein sequences were submitted for a NCBI Conserved Domain Database search (http://www.ncbi.nlm.nih.gov/Structure/ cdd/wrpsb.cgi) to identify various domains present in the proteins. The default settings were used. The databases used were CDSEARCH/cdd ver. 3.13. 
RNA Preparation and qRT-PCR
D. radiodurans R1 wild-type and ΔrelA cultures were grown to mid-exponential phase (OD for 30 min, while the other half was maintained at 30°C as a control. The cells were harvested by centrifugation at 5,000 ×g at 4°C for 5 min. The RNA preparation and qRT-PCR were performed as described in Zhao et al. [54] . The primers are listed in Table S1 .
Construction of Promoter-lacZ Transcriptional Fusions and β-Galactosidase Assays
D. radiodurans relA and relQ promoters were amplified by PCR using the primer pairs prelAF/prelAR and prelQF/prelQR, respectively (Table S1 ). The PCR products were ligated into the pJET1.2 vector (Thermo Scientific) for sequencing. Then, the promoters were digested with BglII and SpeI and ligated into the pRADZ3 vector yielding pRAZA and pRAZQ. pRAZA and pRAZQ were transformed into D. radiodurans as described previously [17] . β-Galactosidase activity was assayed as previously described [12] . Activity was expressed in Miller units, defined as 1,000 times the scattering-corrected OD 
2D-PAGE and Mass Spectrometry
Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) was performed as described by O'Farrell [37] from Kendrick Labs, Inc. (USA). Proteins were precipitated and cleaned using the 2D clean-up kit (GE Healthcare, USA) following the manufacturer's recommendations. One milligram of purified protein was fractionated by 2D electrophoresis. After preliminary tests, the immobilized pH gradient (IPG) strips ranging from 4 to 7 were chosen to obtain better separation. Proteins were diluted with rehydration solution (7 M urea, 2 M thiourea, 2% CHAPS, 2% DTT, 0.002% bromophenol blue, 0.5% IPG buffer (pH 4-7)) to a final volume of no more than 450 μl. The IPG strips (pH 4-7, 24 cm) were rehydrated in the IPG box (GE Healthcare) for 12 h at room temperature and covered with 3 ml of mineral oil for each strip. Then, the strips were transferred to the Ettan IPGphor III system (GE Healthcare) for isoelectric focusing and covered with 10 ml of mineral oil. Proteins were subsequently focused at 50 V for 4 h, 100 V for 1 h, 200 V for 1 h, and 1,000 V for 1 h, and a gradient applied from 1,000 to 9,000 V for 2 h, then 9,000 V for 10 h, and finally, held at 500 V. After one-dimensional IEF, the IPG strips were reduced for 15 min with 1.5% dithiothreitol and alkylated for 15 min with 2.5% iodoacetamide in equilibration buffer (6 M urea, 50 mM Tris-HCl (pH 6.8), 29.3% glycerol, 2% SDS, 0.002% bromophenol blue). Equilibrated strips were placed on homogeneous 12.5% polyacrylamide gels and sealed with 0.5% low melting point agarose and separated at 10°C using a Hoefer SE 600 unit (1-2 W/gel for 1 h and then 15-17 W/gel until the dye front reached the bottom of the gel). Proteins were developed with Coomassie Blue staining. Each experiment was repeated three times. The stained gels were scanned by ImageScannerII (GE) and analyzed by PDQuest 2D Analysis Software. The protein spots that showed significant induction (induction ratio ≥2, p ≤ 0.05) with H 
Results
The D. radiodurans RelA protein is composed of four domains: HDc, RSD, TGS, and ACT, according to the NCBI Conserved Domain Database search (Fig. 1) . The HDc domain (amino acids 76-209) is a metal-dependent phosphohydrolase domain (Accession No. cd00077) that is involved in hydrolysis of (p)ppGpp [2] . The RSD domain (amino acids 258-404) is the nucleotidyl transferase (NT) domain of RelA-and SpoT-like (p)ppGpp synthetases (Accession No. cd05399) [21] . The TGS domain (amino acids 456-515; Accession No. cd01668) is named after the threonyl-tRNA synthetase, GTPase, and SpoT proteins in which it occurs; its function is unknown [42] . The ACT domain (amino acids 709-779; Accession No. cd04876) comprises the C-terminal of RelA/SpoT and is involved in the response to cellular amino acid levels [27] . Both the TGS and ACT domains have been suggested as regulatory domains at the C-terminus of RelA [23, 31] . In addition, D. radiodurans has another protein (RelQ) that is involved in (p)ppGpp metabolism. RelQ only contains the RSD domain (amino acids 43-183; Accession No. cd05399), which is present at the N-terminus and harbors the catalytic site of (p)ppGpp synthetase.
To verify the functions of RelA and RelQ in D. radiodurans, we constructed relA and relQ single and double mutants and generated strains with Z3-relA, Z3-relQ, Z3-rel NTD, and Z3-rel CTD for complementation studies in vivo. The deletion of relA and/or relQ did not affect the bacterial growth in nutrient-rich TGY medium ( Fig. 2A) , but the growth of ΔrelA and ΔrelQ strains was inhibited in minimal medium (Fig. 2B) . relA mutants were more sensitive to nutrient stress than relQ mutant strains. Although the relA/ relQ double-mutant strain (in which, lacking both synthetases, (p)ppGpp was completely abolished) grew in rich medium, it failed to survive in nutrient-limited conditions ( Figs. 2A  and 2B ). To determine the precise requirements of the ΔrelArelQ strain, the cells were grown in medium supplemented with only 17 amino acids (except His and Cys) and bacterial growth was monitored. The data showed that ΔrelArelQ required lysine, methionine, leucine, isoleucine, tryptophan, threonine, and glycine to survive and could be rescued by the addition of these amino acids. In contrast, the overexpression of relA, relQ, rel NTD (containing the HDc and RSD domains), and rel CTD (containing the TGS and ACT domains) in the wild-type strain did not affect the growth rate; however, the overexpression of relQ or rel NTD domain in ΔrelA or ΔrelArelQ inhibited the growth rate in TGY medium (Fig. 3) . All strains that carried the complete relA gene could grow normally in the rich TGY medium with overexpression of the (p)ppGpp synthesis gene or domain. Therefore, the RelA hydrolase activity is essential to bacterial cells because it hydrolyzes the excessive (p)ppGpp. The rel NTD contains the (p)ppGpp synthetase and hydrolase domains; however, the effect of expressing rel NTD on the growth of the mutants or wild-type strain was similar to that of relQ (Figs. 3B and 3C ). The results suggested that the rel NTD domain has (p)ppGpp synthesis activity but not hydrolysis activity.
To investigate the RelA and RelQ responses to other stresses, a plate assay was performed with H 2 O 2 or heat shock treatment. As shown in Fig. 4 , the mutant strains lacking relA or relQ were sensitive to oxidative and heat stress. Compared with the wild-type strain, the resistance to oxidant and heat shock of ΔrelQ, ΔrelA, and ΔrelArelQ strains was decreased. The ΔrelA and ΔrelArelQ strains were hypersensitive to oxidative and heat stresses (Fig. 4) .
To analyze the expression of relA and relQ in response to stress, the transcriptional regulation of the relA or relQ promoter-lacZ strains was tested with H , heat shock, and starvation stresses, whereas the expression of relQ was induced only by heat shock (Fig. 5) , which was also confirmed by qRT-PCR.
To further understand the function of relA in response to oxidative stress, 2D gel electrophoresis was performed on whole-cell protein extracts prepared from D. radiodurans wild-type and relA mutant cultures that had been treated with 20 mM H treatment compared with wildtype D. radiodurans in non-stress conditions, and these proteins were related to oxidative resistance, DNA repair, molecular chaperone function, transcription, the carboxylic acid cycle, and metabolism (Table 2 and Fig. S1 ). Twentytwo of the 26 upregulated proteins in wild-type cells were downregulated or unchanged in the ΔrelA strain. DR_1172, groEL, DR_0099, DR_A0033, and DR_0651 were chosen to confirm the proteomics data using qRT-PCR. The proteomics analysis showed that RelA via (p)ppGpp is involved in regulation of oxidative resistance, DNA repair, molecular chaperones, transcription, the tricarboxylic acid cycle, and metabolism in response to oxidative stress.
Discussion
The enzymes involved in (p)ppGpp metabolism can be divided into three major groups: long RSH, SAS (approximately 250 amino acids), and SAH [3, 32] . The enzymes that synthesize and degrade (p)ppGpp are highly conserved in bacteria [3] . Gram-negative bacteria, such as E. coli, possess two long RSHs: RelA and SpoT. SpoT is a bifunctional enzyme with both synthetase and hydrolase activities, whereas RelA contains only the synthetase domain [28, 43, 49, 51] . Gram-positive bacteria, such as Bacillus subtilis, have one long RSH and two SASs: relA, relP (ywaC), and relQ (yjbM), respectively [16, 25, 35] . Of these enzymes, a single bifunctional protein, Rel, carries out both synthesis and hydrolysis of (p)ppGpp, thereby bidirectionally regulating its levels within the cell [4, 5] , whereas SASs only synthesize (p)ppGpp [35] . In the present study, we identified and characterized RelA and RelQ in D. radiodurans as proteins involved in (p)ppGpp metabolism. The RelA of D. radiodurans contains HDc, RSD, TGS, and ACT domains and shares functional similarity with SpoT in E. coli. Complementing the ΔrelA and ΔrelAΔspoT E. coli mutants with the relA gene from D. radiodurans showed approximately 40% recovery of the growth of E. coli mutants in M9 medium compared with the wild-type control (Fig. S2) . This demonstrates that relA of D. radiodurans at least partially resembles the bifunctional spoT of E. coli in addition to relA. The RelA of D. radiodurans is more closely related with RelA than SpoT in the phylogenetic relationship (Fig. S3) . RelQ is approximately 400 aa in length, including the RSD domain at the N terminus, unlike the SAS group whose sizes range from 200 to 250 aa. This length difference suggests that RelQ may have a function other than (p)ppGpp synthesis, which is an interesting question for further investigation. The observation we got is that relA was more effective with regard to oxidative stress and starvation, whereas relQ was only induced by heat stress, so the conclusion is the two have different pathways, as shown in Fig. 5 . Induction of (p)ppGpp to high levels without starvation quickly inhibits growth and protein synthesis in exponentially growing E. coli [47] . In D. radiodurans, the growth inhibition of the two mutant strains ΔrelA and ΔrelArelQ occurred as a result of relQ overexpression, suggesting that relQ only has (p)ppGpp synthesis functions. Moreover, the overexpression of rel CTD and relA had no effect on the growth rate, whereas overexpression of rel NTD negatively affected the growth rate of ΔrelA and ΔrelArelQ strains. These results support the idea that rel NTD of D. radiodurans only synthesizes (p)ppGpp, which is similar to that of Mycobacterium tuberculosis. In Mycobacterium tuberculosis, the activity of RelA is regulated by tRNA binding to the C-terminal region of RelA, and the deletion of this binding region results in higher synthetic activity [23] . The two opposite activities of RelA were proposed to be regulated by C terminus and N terminus domain crosstalk [23, 31] . -treated D. radiodurans, not in untreated, or the spot density was very low.
−:
The spot was not detected in the RelA mutant strain.
−−: The spot was not detected because of the two-dimensional electrophoresis.
Under conditions of amino acid limitation, (p)ppGpp induced changes to adapt to the environment, whereas (p)ppGpp-defective strains did not survive [8, 48] . E. coli (p)ppGpp-defective cells required the addition of approximately 11 amino acids to grow; however, the type and number varied depending on the strain [33, 51] . In the case of B. subtilis (p)ppGpp-defective cells, eight additional amino acids were required to survive a sudden nutrient downshift, with a strict requirement for leucine, isoleucine, valine, methionine, and threonine, as well as a moderate demand for histidine, arginine, and tryptophan [25] . For D. radiodurans, (p)ppGpp was induced when growing under amino acid limitation [48] . Furthermore, the (p)ppGppdefective strain showed no growth under the same conditions (only provided with cysteine and histidine). In the current study, the ΔrelArelQ strain required lysine, methionine, leucine, isoleucine, tryptophan, threonine, and glycine to survive, in addition to the necessary amino acids (such as cysteine and histidine) that are required by the wild type [48] , suggesting that deficiency of amino acids induces (p)ppGpp synthesis, and (p)ppGpp in turn regulates the synthesis of amino acids to adapt to the environment.
(p)ppGpp is a molecular signal that plays a role in regulating many physiological processes. Previously, it has been reported that (p)ppGpp was involved in the oxidative stress response in Enterococcus faecalis and Bordetella pertussis [46, 52] . Although D. radiodurans is not the only radioresistant organism known to-date, it is considered to have the highest capacity for radio-and oxidative stress resistance [9, 10, 14, 44] . Therefore, whether relA and consequently (p)ppGpp are involved in these stress responses was also investigated in this study. The results show that relA was induced by oxidative stress, as shown in Fig. 5 . Proteomic analysis further demonstrated that the relA gene via (p)ppGpp regulates DNA repair, molecular chaperones, transcription, the tricarboxylic acid cycle, and metabolism at the protein level ( Table 2 ). The production of functional proteins involved in these processes was significantly impaired in the ΔrelA strain. Some proteins include RecA and Ssb, DNA repair proteins that ensure the fidelity of DNA repair and genome stability [41] ; DR_1172, involved in desiccation tolerance [7] ; and GroEL, a heat shock protein and molecular chaperone [22] . Proteins related to amino acid biosynthesis and metabolism, such as DR_0651, DR_1812, DR_1001, and DR_1270, were also regulated by relA. Additionally, the deletion of the relA gene inactivated the amino acid synthesis genes in the ΔrelA strain, which consequently resulted in serious growth inhibition in minimal medium and increased sensitivity to H These results are in accordance with previous reports indicating that a lack of (p)ppGpp resulted in phenotypic amino acid auxotrophy and the failure to adapt to nutrient downshift [39, 25] .
RelA is involved in synthesis and hydrolysis of (p)ppGpp, thus regulating the level of intracellular (p)ppGpp. The ΔrelA strain lost this ability, and, therefore, its adaptability to stress was weakened. (p)ppGpp integrates a general stress response with a targeted reprogramming of gene regulation to allow appropriate adaptation towards multiple stresses: DNA repair, oxidative stress, heat shock, metabolism, and other functions. However, the regulation mechanism requires further investigation.
